The temperature effect on performance of compressible magnetorheological fluid suspension systems is studied. Magnetorheological fluid is a temperature-dependent material where its compressibility and rheological properties change with temperature. Experimental studies were conducted to explore the temperature effects on the properties of the magnetorheological fluid and the compressible magnetorheological fluid suspension systems. The temperature effect on magnetorheological fluid properties included the bulk modulus, shear yield stress, and viscosity. It was found that the shear yield stress of the magnetorheological fluid remains unchanged within the testing range while both the plastic viscosity, using the Bingham plastic model, and the bulk modulus of the magnetorheological fluid decrease as the temperature of the fluid increases. A theoretical model that incorporates the temperature-dependent properties of magnetorheological fluid was developed to predict behavior of a compressible magnetorheological fluid suspension system. An experimental study was conducted using an annular flow compressible magnetorheological fluid suspension system with varying temperatures, motion frequencies, and magnetic fields. The experimental results are used to verify the theoretical model. Moreover, the stiffness and energy dissipation of the compressible magnetorheological fluid suspension system were obtained, experimentally. The effects of the temperature on performance characteristics of the compressible magnetorheological fluid suspension system were analyzed. It was found that both the stiffness and the energy dissipation decrease with an increase in the temperature of magnetorheological fluid.
Introduction
The objective of this research was to determine the effects of temperature on compressible magnetorheological fluid suspension systems (CMRFSSs) to further advance CMRFSSs for potential use as a suspension system for heavy tracked vehicles. A CMRFSS is a combination of a liquid spring and a magnetorheological fluid (MRF) damper. The compressed fluid provides a spring force while a piston inside moves through the fluid providing viscous damping. In addition, the damping can be controlled with the use of an internal or external electromagnet due to the properties of the MRF. This allows for the control of damping various vibrations encountered during operation.
Military vehicles are becoming faster, smarter, and more powerful. In particular, the mobility of heavy tracked vehicles is of concern. A more mobile vehicle is able to deploy faster in harsher terrain. One way to increase the mobility of the vehicles is by reducing the weight of the vehicle. This lighter vehicle will be able to maneuver through terrain and consumes less fuel which reduces the cost of operation. One way to reduce the weight of a tracked vehicle is by reducing the weight of the suspension system. Typically, tracked vehicles use passive suspension components such as large coil springs and separate dampers. The springs store mechanical energy and then release it while the dampers control the speed at which the compression and rebound of the suspension occur. By having a passive system, control cannot be offered to account for various vibrations produced by operation conditions and terrain. The tracked vehicles may contain sensitive equipment that requires vibration to be reduced for reliable operation. Thus, along with the desire to increase mobility, it becomes necessary to develop a new suspension system that offers lighter weight and control. A semi-active suspension system can be considered to account for different vibrations the tracked vehicle will face.
These vehicles are deployed in various types of terrain. It is of great importance that the systems on the vehicle are able to reliably operate in both the hottest and coldest conditions that will be experienced. To determine whether a CMRFSS is capable of performing adequately in all conditions it will experience, the properties of key components of the CMRFSS must be examined in these conditions. The goal is to understand the temperature effects on the properties of MRF inside the CMRFSS including compressibility, shear yield stress, and viscosity in the activated and unactivated states to determine the feasibility of using MRF devices in extreme environments.
The effects of the temperature on MR dampers have been studied and have shown that the peak force of MR dampers is decreased as the temperature is increased (Batterbee and Sims, 2009; Dougruoz et al., 2003; Gordaninejad and Breese, 1999; Sahin et al., 2009; Sheng et al., 1997; Sherman et al., 2015; Wilson et al., 2013) . These studies were focused on the effect of the temperature on the damping performance of MR devices and did not examine the temperature effects on the compressibility property of MRF in the tested dampers. Likewise, studies have been performed on CMRFSSs, but have yet to focus on the complex temperature dependencies on the system as a whole (Hong et al., 2006; Potnuru et al., 2013; Raja et al., 2013) .
Material properties
To test the rheological properties of MRF at various temperatures and magnetic fields, a Physica Modular Compact Rheometer 300 was used with a Julabo F25 temperature controlling unit. MRF was prepared inhouse for these tests. The MRF utilized is composed of Grade-R-2410 Micropowder Iron (Carbonyl Iron) and 10cSt pure silicone fluid. The two components were mixed together at a ratio of 80% by weight iron particles to 20% by weight silicone oil. These components were mixed thoroughly using a LIGHTNIN LabMaster variable speed mixer until a uniform distribution of iron particles was present within the silicone fluid. The rheometer was set up to run at a shear rate of 0-400/s while recording shear stress, viscosity, and shear rate. The rheometer was outfitted with a 28 mm parallel measuring plate, and the gap was set to 1 mm. A constant amount of 0.3 mL of MRF was used as the test sample. Each test was run three times, and the magnetic field was adjusted for 0, 1, and 2 A input electric current through the internal electromagnet which correlated to 0, 0.29, and 0.56 T, respectively. The temperature was raised using the temperature controlling unit that runs heated or cooled water to the rheometer plate. The temperature of testing ranged from 25°C to 70°C using 15°C increments. The effect of the magnetic field on the MRF was observed from a shear stress versus shear rate plot as well as an apparent viscosity versus shear rate plot. Figures 1 and 2 show these results for a temperature of 25°C.
From Figure 1 , it is observed that the shear yield stress of the MRF is greatly changed by the magnetic field. The shear yield stress is the shear stress experienced where the fluid begins to increase shear rate of zero. The rate at which this shear stress changes with shear rate is known as the apparent viscosity. Figure 2 shows that the apparent viscosity is increased with an increase in the magnetic field.
To examine the temperature dependence, the rheological properties for the activated MRF shear stress results were produced with varying temperatures for a given magnetic field. Figure 3 shows these results for an activated state of the MRF. The shear yield stress and apparent viscosity of the activated MRF show minimal property changes with a change in temperature between the testing range of 25°C and 70°C. However, the rate at which the shear stress changes with shear rate is affected. A flatter slope is observed as the temperature is increased resulting in a changing plastic viscosity when using the Bingham plastic model. The off-state (no applied magnetic field) MRF shows a temperature dependence on the slope as well, as shown in Figure 4 . Unlike in the activated state, a change in apparent viscosity can be seen in the offstate MRF as shown in Figure 5 .
The apparent viscosity of the off-state MRF is found to drop as the temperature increases. This is attributed to the properties of the silicone base fluid which is known to lower its apparent viscosity with an increase in temperature. For the off-state MRF, the base fluid viscosity is a dominant factor in determining the viscosity of the MRF while in the activated state this base fluid viscosity is dominated by the magnetic attraction between the iron particles. This explains why there is an experimentally noticeable temperature dependence on the properties of the MRF apparent viscosity for the off-state but not for the activated state.
The plastic viscosity is obtained from the experimental results for the activated MRF through the entire temperature range at the point of greatest variance in shear stress among the temperatures. The results are shown in Figure 6 , and it shows that the plastic viscosity of MRF is decreased with temperature, significantly.
The bulk modulus of the MRF is the property from which one can obtain the liquid spring rate. It is important to determine this property as it is a function of temperature and pressure. The temperature dependence of the bulk modulus can be found experimentally by testing in the operating pressure range of the damper and varying the temperature.
The tests of the bulk modulus were conducted using a designed liquid spring testing device along with an Instron 4210 testing machine outfitted with an Instron 3116 environmental chamber. The device is shown in Figure 5 . Viscosity of MRF in its off-state at varying shear rates from 25°C to 70°C. . The liquid spring was filled with MRF and the temperature was measured with a thermocouple on the outside using a lumped capacitance model, the Biot number being less than 0.1. The environmental chamber was installed on the Instron along with the liquid spring. A 22.24-kN load cell was used to measure the force acting on the shaft of the liquid spring while a linear variable differential transducer (LVDT) was used to measure the displacement of the shaft. The pressure was measured indirectly by dividing the force reading the cross-sectional area of the shaft. Figure 8 shows the assembled experimental setup.
For testing the bulk modulus of the MRF, the device was pre-compressed to 2.22 kN (approx. 4.5 MPa internal pressure inside the cylinder), and then the data acquisition was started to record the force and displacement data. The shaft is moved downward at a rate of 5 mm/min, to eliminate any dynamic effects, until a force of 11 kN is reached. Immediately, the shaft was raised back up to its original position at this same rate and then recording was stopped. This process was repeated to ensure accurate results. The shaft was then lowered to its zero displacement position and the temperature of the air was raised in the environmental chamber thereby increasing the temperature of the MRF. A thermocouple was used to monitor the temperature of the MRF from the outside cylinder wall of the testing device. With the temperature raised, the device was pre-compressed and tested again. Testing was done for 25°C, 40°C, 55°C, and 70°C.
The bulk modulus was obtained from pressure, measured indirectly through the force on the shaft, and the change in volume which was obtained from the known diameter of the shaft and the measured displacement of the shaft. The bulk modulus is defined as
The experimental results of the bulk modulus show that it is inversely proportional to the temperature of the fluid. Figure 9 shows the bulk modulus dependence on the temperature.
Theoretical analysis
Theoretical work was performed to develop a model for a CMRFSS with temperature-dependent properties. The flow rate through an annular MR valve was characterized and solved for different temperatures and magnetic fields. A model for a CMRFSS was developed which includes the compressibility of the fluid. The flow through the MR valve in the liquid springdamper was considered annular. The piston forms the inner core of the valve and the MRF flows between that and the cylinder walls. The flow was considered to be steady and laminar.
The momentum equation for the flow through the MR valve then becomes
where dp/dz is the pressure gradient and is assumed constant through the length of the MR valve. The shear stress can be obtained by integrating equation (2) and is expressed as
where D is an integrating constant. The Bingham plastic model is used to model the behavior of the MRF. The Bingham plastic model states that 
where t rz is the shear stress, t y is the shear yield stress, du/dr is the shear strain rate, and m is the plastic viscosity of the MRF. The shear yield stress is a property of the MRF and is a function of the induced magnetic field. The flow of MRF through the MR valve is shown in Figure 10 . Non-slip conditions are employed. The velocity profile is parabolic with the exception of a plug flow region in the middle. In this region, the shear stress has not exceeded the shear yield stress resulting in plug flow from r a \ r \ r b . The theoretical flow rate through an annular valve with plug flow can be found using a system of four equations (Raja et al., 2013) 
Equations (6) to (9) can be used to solve for r a , r b , D, and dp/dz. To more effectively solve these equations, they were nondimensionalized and reduced to two equations using the nondimensional terms, as follows
The reduced nondimensional equations become 
To solve equations (10) and (11) simultaneously, a flow rate is assumed. The parameters of the damper being used for experimental testing are input for r d , and a root finding method is used in Mathcad to solve for r# b and r# a . With r# b and r# a known, the pressure gradient, dp/dz, can be found using equation (7) and the definition of the nondimensional terms. The process of solving the nondimensional equations and obtaining the pressure gradient is repeated while increasing the assumed flow rate from 0 to the maximum rate of volume change that the chambers in the damper could experience. The maximum theoretical rate of volume change is the area of the piston multiplied by the maximum velocity of the piston and can be expressed as
where A p is the area of the piston, f is the frequency of the input vibration to the damper, a is the amplitude of the vibration, and t is the time.
The plastic viscosity of the MRF changes with temperature as discussed earlier. The experimentally obtained values for the plastic viscosity at 25°C, 40°C, 55°C, and 70°C were used in obtaining the annular flow rate. Figures 11 to 13 show the results obtained for a shear yield stress of 29.5 kPa, 17 kPa, and 20 Pa which is equivalent to 2, 1, and 0 A current input to the electromagnetic coil of the modeled liquid springdamper at a temperature of 25°C, 40°C, 55°C, and 70°C. Figure 14 shows how the input current affects the flow rate through the MR valve. Figure 15 shows the CMRFSS for which the model is developed. The mass flow rate from one chamber to the next through the MR valve can be expressed as
Compressible damper
where m is the mass of the fluid, r is the density of the fluid, V is the volume of the fluid, and Q in and Q out are the volumetric inflow and outflow of the fluid, respectively. If the compressibility of the fluid is considered, then one has
where P is the pressure in the chamber and b is the bulk modulus of the fluid which is a temperature-and pressure-dependent property. Equations (13) and (14) can be combined, as follows
As the piston is displaced, the inflow into one chamber is equal to the outflow of the other chamber. For a positive x displacement of the piston, the inflow into chamber 1 is zero making the outflow from chamber 2 zero. Equation (15) can be rewritten for each chamber as
The volumes for chamber 1 and chamber 2 are functions of the displacement of the piston and can be expressed as
where L 1 and L 2 are the initial lengths in chambers 1 and 2, respectively; x is the piston displacement; and A 1 and A 2 are the effective areas of the piston in chambers 1 and 2, respectively. The effective areas of the piston can be expressed as 
where D and d are the diameters of the piston and shaft, respectively. The bulk modulus of the fluid in chambers 1 and 2 can be assumed to be equal. While the bulk modulus is a function of both pressure and temperature, the pressure differential between chambers 1 and 2 is minimal compared to the total internal pressure. The rate at which the pressure changes in the chambers can be expressed as
where v rel is the relative velocity of the piston and b(T) is the bulk modulus of the fluid as a function of temperature. Since the internal pressure of the CMRFSS is in a limited range, the effect of pressure on the bulk modulus is negligible compared to the effect caused by the changes in temperature. The results from the theoretical annular flow model yield that
where Q is the flow rate defined in the modeling of the annular flow rate of the previous section, h is the MR valve gap, z is the length of the MR valve, and T is the temperature of the MRF.
With an input vibration of a sine wave, the displacement and velocity of the piston can be expressed as
where a is the amplitude, f is the frequency, and t is the time. Once the bulk modulus of the MRF is determined experimentally, the pressures P 1 and P 2 can be solved for at any given time with a known input current, amplitude, frequency, and temperature. A program was developed in Matlab to solve for P 1 and P 2 .
Experimental study
A CMRFSS consists of a liquid spring and an MRF damper. The compressed fluid provides a spring force while a piston inside moves through the fluid providing viscous damping. The damping can be controlled with the use of an internal or external electromagnet due to the properties of the MRF. This allows for control in damping various vibrations encountered during operation. To experimentally test the temperature effects on performance of CMRFSSs, an MRF composed of 80% iron particles by weight and 20% silicone oil was utilized, as shown in Figure 16 . The CMRFSS was composed of low-carbon magnetically permeable steel and consisted of a cylinder, end caps, and a shaft that moves into the cylinder. Attached to the end of the shaft was a piston with an electromagnet that travels along through the cylinder and was used to activate the MRF in the MR valve, thereby increasing the damping. As current was applied to the electromagnet, a magnetic path from one end of the piston to the other was developed. Electromagnet finite element analysis was used to determine the magnetic field produced at various electrical currents, as presented in Table 1 .
An experimental study was performed on the CMRFSS using a hydraulic Instron 8821S machine outfitted with the Instron 3116 environmental chamber. A TDK Lambda power supply was used to power the internal electromagnet which activates the MRF within. The CMRFSS was installed on the Instron inside the environmental chamber, as shown in Figure 17 .
The wire leads to the electromagnet were connected to the power supply, and a thermocouple was used to monitor the temperature of the MRF inside the CMRFSS. A sine wave was generated as the displacement input to the Instron. The amplitude was set to 1.27 mm (2.54 mm peak to peak), and the frequency of the wave was varied to fit the testing matrix discussed in the next section. With the wave generated and loaded to the Instron, the hydraulic actuator compressed the CMRFSS with a sinusoidal displacement. The force and displacement data were recorded using a load cell and LVDT. To determine the temperature of the MRF, a thermocouple was placed on the outside of Figure 16 . Cross-sectional model of CMRFSS (Raja et al., 2013) . Table 1 . Magnetic field through MR valve of the CMRFSS.
Current (A)
Magnetic field (T) 0 0 1 0.4 2 0.6 the damper and insulated from the surrounding air. Heat transfer analysis was performed yielding a Biot number of \0.1. This allowed a lumped capacitance model to determine the MRF temperature from the surface temperature of the CMRFSS casing. The temperature of the MRF was raised by heating the air inside the environmental chamber. Once the temperature of the MRF reached the target temperature, the damper was compressed to 6.67 kN. This precompression was done to simulate the rebound force of the CMRFSS as the sine wave passes its initial position. With the damper pre-compressed, the target amperage was supplied to the electromagnet using the power supply and the sinusoidal displacement was run while recording force and displacement. This procedure was repeated while the frequency of the sine wave was varied along with the temperature of the MRF. Testing was performed at sine wave frequencies of 0.1, 0.25, 0.5, and 1 Hz, temperatures of 25°C, 40°C, 55°C, and 70°C, and electromagnet activation of 0, 1, and 2 A. An amplitude of 1.27 mm was chosen for the sine wave to stay under the 20 kN load limit of the load cell.
Additional testing was performed at a frequency of 0.25 Hz and an amplitude of 6.35 mm to compare with the theoretical model developed earlier. The model for the CMRFSS with temperature-dependent properties was solved using a Runga-Kutta method in Matlab. The theoretical results were plotted with the experimental results and fit very well for all temperatures and magnetic fields. Figures 18 to 20 show the experimental and theoretical curves for 40°C testing of the CMRFSS.
To examine the effect of temperature on the stiffness of the CMRFSS, the stiffness is obtained for each test from the force-displacement results. This is done by selecting the middle point of both ends of the graph and fitting a line through these two points. The slope of this line is defined as the stiffness. Figure 21 shows a typical force-displacement curve along with the line generated to calculate the stiffness.
The stiffness is obtained for all temperatures, frequencies, and input currents to the electromagnet. Figure 22 shows that the stiffness of the CMRFSS decreases linearly as the temperature is increased within the testing range. The stiffness is affected in the same way for each of the input currents to the electromagnet. Figures 23 to 26 show how the stiffness decreases similarly for all frequencies.
The stiffness is observed to decrease with an increase in temperature. This is due to the change in the material properties of the MRF. The increase in the temperature increases the fluids' compressibility allowing it to more easily compress. The silicone oil base fluid of the MRF is known to increase its compressibility with temperature (Kiyama et al., 1953) .
Energy dissipated per cycle is the other area of performance in which the effect of temperature is to be examined. The energy dissipation is defined at the area between the force-displacement plot. The average value of all the tests at a given temperature, frequency, and amperage was used as the value for the energy dissipated. Figures 27 to 30 show the energy dissipated for 0.1, 0.25, 0.5, and 1 Hz, respectively. At first glance, the energy dissipation relationship with temperature may not be apparent. However, once it is understood that the energy dissipated is caused by two different components, the trend is realized. The first component of energy dissipation is the damping that occurs from fluid flow between the piston and the cylinder wall. The energy dissipation from this component depends on geometry, velocity, and the properties of the MRF which is affected by the input current to the electromagnet and the temperature of the fluid. The other component of energy dissipation comes from the seal friction. The seal friction depends on the velocity because of the thin film layer that develops between the shaft and the seal. As with all frictional forces, the normal force and coefficient of kinetic friction play a key role in determining the magnitude of energy dissipation.
With the energy dissipated broken into two components, it is seen that for all frequencies the 0 amperage testing resulted in an increase in energy dissipation with temperature. For the off-state condition, 0 A, at the tested displacement, the seal friction is the dominant category in energy dissipation. The energy dissipated due to seal friction is increasing as temperature increases. This is partially due to the thermal expansion of the seal. As the seal heats up, it expands. Considering that gland expansion cannot occur, a greater normal force is developed between the seal and the shaft. Additionally, as the temperature increases, the fluid within the damper expands producing a larger pressure acting on the seal. Considering the seal has a U-shaped end, the pressure results in a greater normal force between the seal and the shaft. The final aspect of the increased energy dissipation with temperature due to seal friction is the coefficient of friction. The coefficient of friction between a urethane and a metal increases as the temperature is increased (Gallagher Corporation, 2010) . These three aspects are the possible reasons that energy dissipation increases due to seal friction, as temperature increases.
It can also be seen that for the testing performed at 2 A, the energy dissipation decreases with all tested frequencies. For the 2 A condition, damping is the dominant factor in determining energy dissipation. From the experimental results, it is found out that the viscosity of the MRF is decreased with temperature. This is attributed to the decreased viscosity of the base silicone oil. Due to this decrease in viscosity, the energy dissipated at 2 A decreases with temperature.
For the 1 A testing condition, the trend of energy dissipated with temperature is dependent on the frequency at which testing occurred. For the lowest frequency tests, 0.1 Hz, the energy dissipated slightly increases with temperature. This occurs because at this frequency, seal friction is more dominant than the damping. However, at 0.25 Hz, no real trend can be observed. The energy dissipated remains fairly constant. For this case, the energy dissipated to the seal is increased while the energy dissipated due to damping is decreased with temperature. At this amplitude, frequency, and magnetic field, both types of energy dissipation are equally contributing to the total energy dissipation resulting in a fairly constant energy dissipation with temperature. As the frequency, and therefore translational velocity, is increased, the damping energy dissipation becomes dominant. For 0.5 and 1.0 Hz, the energy dissipated by the CMRFSS is decreasing with an increase in temperature.
Conclusion
The temperature affects the properties of MRF. The bulk modulus and plastic viscosity are decreased as the temperature is increased while the shear yield stress remains the same in the tested range of 25°C-70°C. As a result of the MRF property changes, the performance of a compressible MR damper is affected by temperature. The stiffness of the liquid spring of the CMRFSS is decreased linearly as the temperature is increased throughout the testing range. The energy dissipation due to damping of a CMRFSS is decreased as the temperature is increased within the tested range. The energy dissipation due to seal friction in this particular CMRFSS is increased as the temperature is increased. The temperature dependence of the bulk modulus and plastic viscosity of MRF can be used in developing a model for a CMRFSS which has been demonstrated and confirmed, experimentally.
